Introduction
Pure proximal monosomy for 21q is very rarely observed in humans, but a few cases have been reported to date (Wulfsberg et al. 1983; Reynolds et al. 1985; Roland et al. 1990; Korenberg et al. 1991; Huret et al. 1995; Ahlbom et al. 1996) . Mild to moderate mental retardation is a common symptom in almost all the reported monosomy 21q21 cases, but other clinical features were not consistent. Korenberg et al. (1991) reported a boy with a de novo 21q11-q21.3 deletion, normal intelligence, minor anomalies, and epileptic seizures. There have also been reports of individuals with de novo or familial deletions involving similar regions of chromosome 21, and with mild mental retardation and minor phenotypic abnormalities (Roland et al. 1990; Ahlbom et al. 1996) . However, none of these cases were affected with sensorineural hearing loss.
Here we describe a familial 21q11.2-q21.3 deletion with variable phenotypic expression, including a phenotypically normal mother, one child with sensorineural hearing loss and moderate mental retardation, and another child with only mild mental retardation. We also report the results of breakpoint analysis of their chromosomes 21 by fluorescence in situ hybridization (FISH) using subregion-specific DNA clones on 21q and by haplotyping with polymorphic 21q markers. We discuss the variable phenotypes of these three individuals.
Abstract
We report a familial case with a proximal interstitial deletion of chromosome 21q [del(21q)]. Although the mother in the family was phenotypically normal, her first child was affected with both sensorineural hearing loss and moderate mental retardation, and the second affected child had mild mental retardation but not sensorineural hearing loss. We determined breakpoints of the del(21q) in the mother and her two affected children by fluorescence in situ hybridization analysis using 45 DNA clones and the molecular analysis using 21 DNA markers. The proximal breakpoint of the del(21q) was located at a region between 0.33 Mb and 0.46 Mb distal to the centromere, and the distal breakpoint was at a region between 14.6 Mb and 14.9 Mb. The finding indicates that the three individuals had an approximate 14-Mb deletion within 21q11.2-q21.3. Molecular analysis showed that both affected children shared the same maternal haplotype of their del(21q), but a crossover was detected in the paternally inherited normal chromosome 21.
Subjects and methods

Clinical history
The proband was a 4-year-old girl (Fig. 1a , II-1) who presented with sensorineural hearing loss (100 dB). She was the first child of the phenotypically normal, healthy, and unrelated parents. The father (Fig. 1a, I -1) was 32 years old and the mother (Fig. 1a, I -2) 26 years old when the proband was born. Family history was negative for hearing impairment or mental retardation. The mother had contracted rubella at around 18 weeks of pregnancy; therefore, the girl's hearing impairment was initially attributed to the fetal rubella syndrome. This cause is, however, unlikely because the mother had rubella after the 17th week of pregnancy. The girl, in addition, had strabismus and mild mental retardation. G-banded chromosomes of the girl showed a deletion of a 21q11.2-q21.3 segment. Chromosomes 21 of her father (Fig. 1a, I -1) were normal, but the mother (Fig. 1a, I -2) had a 21q deletion similar to that in the girl. The mother graduated from senior high school and worked as a store clerk before marriage. The maternal grandparents were not karyotyped. Because the mother had a varicella infection during the succeeding pregnancy, the second pregnancy was terminated (Fig. 1a, II-2) . The subsequent pregnancy resulted in a liveborn girl (Fig. 1a, II-3) , who was clinically checked by us when she was 12 months old. The girl was healthy, developing normally, appeared phenotypically normal, and had normal chromosomes.
The fourth pregnancy, monitored with amniocentesis at 16 weeks, showed a deleted chromosome 21. At 19 weeks of pregnancy, the parents were referred to the genetics clinic at our university hospital. Ultrasonography of the fetus showed normal size without detectable abnormalities. We reexamined the mother's chromosomes by G-banding, Q-banding, and whole chromosome painting FISH. After receiving genetic counseling, including the provision of information in the literature, the couple elected to continue the pregnancy. A boy was born at 39 weeks' gestation, weighing 2900 g. The boy was examined at the age of 4 months; he had no malformations or hearing loss, but showed mild developmental delay (Fig. 1a, II-4 ).
Cytogenetic analysis G-and Q-banding were carried out on peripheral blood lymphocyte chromosomes of this family. FISH analysis was performed using a whole chromosome painting probe for chromosome 21 (WCP21 SpectrumOrange-labeled, Vysis, Downers Grove, IL, USA) on the metaphase spreads from the mother. Separate images were collected for the 4Ј-6Ј-diamidino-2-phenylindole counterstain of the chromosomes and merged with the hybridization signals using an image analysis system. FISH analysis using subregion-specific DNA clones FISH analyses of the chromosomes from the mother, first daughter, and first son, all with deleted 21q, were performed using subregion-specific DNA clones to determine their precise regions of deletion. We selected DNA clones mapped to 21q11-q22.2 as FISH probes by referring to the sequence information of chromosome 21 (Hattori et al. 2000) . Ten clones (R15D13, R213O17, R114D22, R195K7, R195O17, R692A24, R92O22, R125G10, R45O19, and R666H8), which had not been described in the report of Hattori et al. (2000) , were used as probes. These clones were screened from an RPCI-11 bacterial artificial chromosome library (Osoegawa et al. 2001 ) and closely mapped to distal borders of the deletion by alignment of their end sequences compared with the chromosome 21 sequence (Fig. 2) . Two-color FISH analyses were performed with two of these clones as described previously (Wakui et al. 1999) . In brief, a probe was labeled with digoxigenin-11 deoxyuridine 5-triphosphate (dUTP) by nick translation and detected by anti-digoxigenin-rhodamine, Feb fragments, and the other probe was labeled with biotin-16-dUTP and detected with avidin fluorescein isothiocyanate, respectively.
Haplotype analysis
Allelotypes of the parents and their three children were determined with a DNA-sequencer-assisted method, using 21 highly polymorphic microsatellite DNA markers at the proximal 21q region. Genomic DNA extracted from their peripheral blood was amplified by Polymerase Chain Reaction (PCR) using Cy5-labeled primers (Pharmacia, Stockholm, Sweden) under the following conditions: 35 cycles at 94°C for 30 s, 55°-60°C for 30 s, and 72°C for 30 s, followed by a final extension at 72°C for 10 min in a thermocycler (model 9700, Perkin-Elmer, Shelton, CT, USA). PCR products were mixed with two kinds of suitable size markers (Cy5 sizer, Pharmacia) as an internal control and with loading dye. The mixed products were electrophoresed in 8% acrylamide gel (7 M urea and 1 ϫ Trisborate ϩ ethylenediaminetetra acetate) and analyzed on an automated DNA sequencer (ALFexpress DNA sequencer, Pharmacia).
Results
Cytogenetic analysis
G-and Q-banding showed that the mother, the first daughter, and the son had the same deletion of 21q11.2-q21.3 [46,XX or XY,del(21)(q11.2q21.3)] (Fig. 1b) . The WCP21 FISH signals were detected on normal and abnormal chromosomes 21 of the mother, but were not observed on any other chromosomes (data not shown).
FISH analysis using subregion-specific DNA clones Deleted chromosome 21 in the two children and their mother was examined to define its breakpoints and extent using 45 subregion-specific DNA clones as FISH probes (Fig. 2) . Clones (f92B11, c48B2, P127M18, and P16C2) that cover the 21q11 region 0.21-0.44 Mb distal to the centromere (Fig. 2) hybridized to both the normal and deleted chromosomes 21 in the three individuals, indicating that this region remained in the deleted chromosome 21. All 29 clones covering 0.45-14.8-Mb regions from the centromere (Fig. 2) hybridized to the normal but not to the deleted chromosome 21 in the three individuals. FISH signals for R666H8 again appeared in both the normal and aberrant chromosomes 21 in the three persons. These data indicated that the deletion in the family extends between positions 0.45 Mb and 14.8 Mb distal to the centromere of chromosome 21.
Haplotype analysis
The results of haplotyping of 21 polymorphic marker loci in the five family members are shown in Fig. 3 . In the mother, her first daughter, and her son, homozygous or hemizygous patterns were observed in a segment from the D21S215 locus (0.46 Mb from the centromere) to the D21S1442 locus (14.4 Mb from the centromere). Among these marker loci, D21S215, D21S1433, D21S11, CHLC.GATA22H11, D21S1435, and D21S1442 definitely showed paternal monoallelic patterns in the first daughter, and those plus the D21S217 locus demonstrated such monoallelic patterns in the son. On the other hand, both maternal and paternal alleles commonly present in the two children were at the D21S263, D21S1909, D21S261, D21S1898, and CHLC.GATA45C03 loci. Five other markers, D21S16, CHLC.GATA11C12, D21S110, D21S1899, and D21S1922, were uninformative because they showed homozygous patterns in all five family members.
Discussion
We herein reported a familial 14-Mb chromosomal deletion within the 21q11.2-q21.3 region, i.e., almost a half of the long arm of chromosome 21. The deletion was transmitted from a phenotypically normal mother to her two children who had mental retardation and/or sensorineural hearing loss (Fig. 1) . FISH analysis using subregion-specific DNA clones and haplotyping using microsatellite markers revealed that the extent of the deletion was identical in the three individuals, spanning between 0.33-0.46 Mb and 14.6-14.9 Mb from the centromere (Fig. 2 and 3 ). There are two duplicated regions, each being 200 kb long (Potier et al. 1998) , showing 96% identity to each other and located at the 188-377-kb region of 21q11.2 and at the 14,795-15,022-kb region of 21q22 (Hattori et al. 2000) . Because the two 200-kb duplicated regions largely overlap the proximal and the distal breakpoints of the deletion observed in this family, respectively (Fig. 4) , it is likely that the deletion in the family is causally related to the duplication. Both the elder daughter and the son in the family shared the identical paternal alleles from the D21S215 to the D21S1434 or CHLC.GATA22H11 loci, but the paternal chromosome 21 in the boy had apparently undergone a crossing over at a point between the D21S1434 and D21S1435 loci. A segment distal to the crossing-over site was derived from the paternal second chromosome 21 (Fig. 3) . Single-nucleotide polymorphism analysis of this family supported this conclusion (data not shown).
Sensorineural hearing loss, which the first daughter of this family had, has not been indicated by any previous reports of pure proximal 21q deletion (Wulfsberg et al. 1983; Roland et al. 1990; Korenberg et al. 1991; Reynolds et al. 1985; Huret et al. 1995; Ahlbom et al. 1996) . The two children of this family were affected with mental retardation and/or sensorineural hearing loss, and their mother was phenotypically normal, although the extent of their deletions was identical. Thus, the abnormal phenotypes in the children may represent unmasking of a mutated gene on the nondeleted, paternally derived chromosome 21. The results of our haplotype analysis suggest that a recessive gene, probably related to mental retardation, exists between the 0.33-and the 0.46-Mb region around the proximal breakpoint and the 13.4-Mb region (D21S1435), because the two affected children shared the same paternal alleles between the two regions. Our data also suggest that another putative recessive gene responsible for hearing impairment exists between the 7.0-Mb region (D21S1434) and the 14.6-to 14.9-Mb region around the distal breakpoint, because the two children had different paternal alleles in this segment (Figs. 3 and 4) .
No genes have been annotated in the two 200-kb duplicated regions and only 17 genes are known to be located in a segment corresponding to an approximate 14-Mb deletion in this family (Hattori et al. 2002) . Some of these genes may causally be related to mental retardation, because almost all patients with a 21q deletion reported so far have some degree of mental retardation.
The Usher syndrome type 1E (MIM *602097) locus (USH1E) was assigned between D21S1905 (the 6.6-Mb region) and D21S1913 (the 18.0-Mb region) loci at 21q21-q22, by homozygosity mapping in a consanguineous Moroccan family by Chaib et al. (1997) . Usher syndrome is a group of clinically variable and genetically heterogeneous autosomal Fig. 3 . Haplotype analysis of the family using 21 polymorphic markers at 21q11-q22. Open and hatched columns show each paternal haplotype set, filled columns show that of the maternal normal chromosome 21, and shaded columns show that of the maternal deleted chromosome 21. Deletion from the D21S215 to the D21S1442 loci in the mother is deduced both from FISH data on her chromosomes and the extent of deletion in her affected children recessive disorders, and is characterized by congenital sensorineural hearing loss and pigmentary retinopathy. Retinopathy usually occurs in late childhood or adolescence and may lead to total blindness (Keats and Corey 1999) . Regarding the hearing impairment of the first daughter, USH1E may be the candidate disease locus related to her sensorineural hearing loss, although such visual impairments have not yet been observed in her. Periodic ophthalmological checkups for retinopathies will be necessary for the first daughter.
It should be noted that the mother is entirely normal mentally and physically, even though a significantly large deletion was identified in one of her chromosomes 21. The proximal half of 21q contains only 58 genes and represents a very gene-poor and less functional region (Hattori et al. 2000) . This suggests that trisomies and partial monosomies involving this region are relatively well tolerated in humans, compared with those in other chromosomes. Fig. 4 . A simplified 21q11-q22 genetic map with intervals studied. Clones selected for FISH analyses in this study are placed on the left. White letters on black rectangles are clones that were deleted in the family members with the 21q deletion. Proximal and distal breakpoints on 21q of this family are flanked by the highly conserved tow large duplicated regions
